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Abstract 
Beside the total laser power, the laser beam diameter is a significant factor for the resistance of laser protection filters to laser radiation. In this 
paper a study of the resistance of laser protection filters to laser radiation in dependence of the laser beam diameter is given. For the 
investigation of this effect an experimental setup is realized, which detects laser radiation near the MPE value (ref. 1) (Maximum Permissible 
Exposure; level of laser radiation to which, under normal circumstances, persons may be exposed without suffering adverse effects) behind the 
filter glasses, which is taken as a criteria for the failure of laser protection filters. This failure defines the laser resistance time of the protection 
filter under the given laser parameters (laser power and laser beam diameter). The experiments involve a series of irradiations from a cw 
(continuous wave) Nd:YAG laser (wavelength 1064 nm) with the variation of laser power, laser beam diameter and with different material 
thicknesses. The dependency of the laser resistance time follows a power function of the laser beam diameter. It is shown that by performing 
only a few dedicated laser resistance tests for a specific type of laser protection filter, it is possible to calculate the laser resistance time for 
different laser beam diameters occurring in practical lab situations. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and blind-review under responsibility of the Bayerisches Laserzentrum GmbH. 
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1. Motivation  
The correct selection of laser protection goggles is essential for the save experimental work in laser laboratories and for 
service of laser systems in industry. Resistance testing of laser protection filters to laser radiation is carried out according to the 
European norm EN 207 (ref. 2). Irradiation of the protection filters is performed with specified wavelength, power and energy 
densities given in the EN 207. The diameter d63 (in the case of a Gaussian beam, d63 corresponds to a point where the irradiance 
falls to 1/e of its central peak value; ref. 3) of the laser beam during the test is fixed to 1 mm. The transmittance is measured
during the exposure to laser radiation (at least 5 s) with an adequate detector. The result of the laser resistance test is then a given 
scale number LBx (ref. 2), where x is the optical density (OD) held during testing. It is known (ref. 4, 5, 6) that the correct
selection of laser protection filters can be difficult if the accessible laser beam diameter differs from the 1 mm testing beam
diameter according to EN 207. Therefore a corrective function exists in the informative part of the norm. The function itself was 
figured out with the old testing conditions (laser resistance time 10 s and different laser beam diameters from 1 mm are possible; 
ref. 4). The former tests were done by varying the laser power to keep the resistance time constant at 10 s. The aim of the study is 
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to get a more exact corrective function by another experimental approach on the new time basis of 5 s. In addition a calculation
scheme should be found to predict the laser resistance time of a filter depending on a given beam diameter. Therefore, the 
resistance time will be determined by varying the laser power and the beam diameter on the filter surface.  
2. Experimental setup 
The experimental setup to investigate the laser resistance time of a specific laser protection filter is shown in Fig. 1. The 
variation of the beam diameter is done by varying the distance of the filter surface to the focus. The test filter is placed according 
to the measured caustic of the laser beam, shown in Fig. 2, in the correct distance from the focusing optic to define the d63 laser 
beam diameter for the test. The power of the Nd:YAG laser (HAAS Laser, QY-1000D) is set according to the measured power 
diagram shown in Fig. 3. The resistance test is performed with the measured power and energy densities. The start of the 
irradiance of the laser protection filter is detected by a photodiode placed sideways from the filter. This photodiode triggers an 
oscilloscope for timing the start of the test. The spectral transmittance during the exposure to laser radiation is observed by a 
“LaserSpy©” (Reis Lasertec) detector (ref. 7), which is placed behind the tested filter as can be seen in Fig. 1. The detection level 
of the “LaserSpy©” detector was found to be close (±1 mW) to the MPE value (MPE value at 1064 nm is 1.9 mW acc. to norm 
EN 60825-1; ref. 8). When the spectral transmission through the filter reaches the MPE value, the laser emission is stopped by 
opening the remote laser-interlock via the “LaserSpy©” detector as shown in Fig. 1. The laser-interlock signal stops the recording 
by the oscilloscope. The measured time between the start of laser emission and the achievement of the MPE value defines the 
laser resistance time of the tested laser protection filter. Fig. 4 shows the experimental setup in detail and the measured laser
resistance time by the data storage oscilloscope. 
Fig. 1. Schematic measurement setup for testing the resistance of laser protection filters against laser radiation according to EN 207. 
Fig. 2. Caustic measurement (measurement equipment: Primes FocusMonitor) of the used cw Nd:YAG laser beam. 
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Fig. 3. Measured laser power of the cw Nd:YAG laser according to the %-setting at the laser control panel. 
Fig. 4. Experimental setup for the measurement of the laser resistance time of laser protection filters. 
3. Results of experimental work 
The laser resistance tests are done with polymer filters based on polymethylmethacrylate (PMMA) with a laser absorptive dye 
for the near infrared range. The test samples have dimensions of 50 mm x 50 mm with a thickness of 3 mm. The optical density 
(OD) is at least 6 at the wavelength of 1064 nm. The laser beam diameter d63 was varied between 0.5 mm and 10 mm (according 
to the measured caustic shown in Fig. 2.; larger beam diameters were calculated using the measured caustic behind the focusing 
lens). 
In Fig. 5 PMMA test samples are shown after the laser impact test with two different laser beam diameters (0.5 mm on the left 
and 7 mm on the right). Because the laser is switched off when the MPE level is reached on the detector side, there is no hole in 
the filter. There are two competitive processes, which are responsible for the penetration of laser power: The polymer matrix will 
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melt and evaporate by the absorbed heat, which results in a modified surface of the filter material; besides the absorptive laser
dye becomes transparent as a result of a chemical reaction when a certain temperature level is reached. 
Fig. 5. With a cw Nd:YAG laser at different beam diameters irradiated laser protective filters (on the left: beam diameter d63 = 0.5 mm; on the right: beam 
diameter d63 = 7 mm). 
The experimental results of laser resistance time T versus laser power P and versus laser beam intensity E with the laser beam 
diameter d63 as parameter are shown in Fig. 6 and Fig. 7. 
Fig. 6. Laser resistance time T versus laser power P for different laser beam diameters d63 (cw Nd:YAG laser with wavelength of 1064 nm;  PMMA laser 
protection filters with dimensions 50 mm x 50 mm x 3 mm). 
In the experimental data of Fig. 6 the dependence of the laser resistance time on the laser beam diameter can be seen. In 
general at a constant moderate laser power larger beam diameters lead to longer laser resistance times. Deviations from this 
behavior can be assumed at very low power and very high power settings. Based on the functional relationship as used in the 
norm EN 207 an approximation to experimental data is made for the different beam diameters d63:
][
63
63][][ dcPdasT    (1) 
This function fits the found experimental data quite well. But the validity of this function is only given in the laser power 
range from 10 W to 600 W.  
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Fig. 7. Laser resistance time T versus laser beam intensity E for different laser beam diameters d63 (cw Nd:YAG laser with wavelength of 1064 nm; PMMA laser 
protection filters with dimensions 50 mm x 50 mm x 3 mm). 
     In the experimental data shown in Fig. 7 larger beam diameters lead to shorter laser resistance times if the laser beam 
intensity is the same. Because testing of laser protection filters according to norm EN 207 is performed at a defined beam 
diameter of 1 mm, the difficulty to determine the correct scale number for required laser protection goggles, which have possible
access to larger beam diameters occurring in laboratory practice or during maintenance work, becomes clear. The functional 
relationship between laser resistance time and laser beam intensity is found to be a power function of that kind: 
][
63
63][][ dcEdbsT   (2) 
The exponents c[d63] are the same as in the results based on Fig. 6 (eq. 1), only the coefficients (a[d63] l b[d63]) are different. 
And again, validity of this function is only given in the laser power range from 10 W to 600 W.  
4.  Discussion of experimental results  
The experimental results found in Fig. 6 indicate that longer laser resistance times arise for larger laser beam diameters at 
constant total laser power (at least for a certain laser power region, enough to melt and burn the filter material). This is quite 
obvious because the available energy per volume of laser protection filter material to melt and destroy the filter is reduced at
larger laser beam diameters. If laser beam diameters d63 larger than 1 mm occur in laboratory practice or during maintenance 
work and the filter should withstand a direct laser hit for at least 5 s, the required scale number LBx for the appropriate filter has 
to be corrected by a function to take into account the experimental results shown in Fig. 7. The reference value for the correction 
function is the standard test beam diameter of 1 mm: 
 Correction function: 
)(
)1(
)(
63
63 dIntensity
mmIntensity
dF          (3) 
Where ‘Intensity (1 mm)’ is the laser beam intensity at 1 mm beam diameter and ‘Intensity (d63)’ is the intensity at a different 
diameter. For the laser resistance time of 5 s, as it is required by the current version of the norm EN 207, the following table
shows the critical laser beam intensities at which the laser resistance time is 5 s and the values for the correction function 
calculated according to eq. 3: 
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 Table 1. Correction function for different laser beam diameters calculated according to eq. 3. 
d63 in mm Critical laser beam intensity in W/mm2 F(d63) in a. u. 
0.5 302.60 0.32 
1.0 97.03 1.00 
2.0 35.58 2.73 
3.0 17.05 5.69 
5.0 7.31 13.27 
7.0 4.251 22.82 
10.0 2.344 41.39 
            
The calculated values for F(d63) describe an approximation function of type: 
ndadF 6363 )(           (4) 
In Fig. 8 the newly found correction functions for 3 mm and 6 mm thick PMMA filters and for laser resistance time of 5 s are 
shown and compared with the currently used correction function for plastic filters, which is given in the informative part of the 
norm EN 207 (ref. 2). In the diagram the differences between the current correction function and the new correction functions can
be seen; the newly found correction functions show a stronger dependence on the laser beam diameter. With the laser resistance 
time defined by 5 s the corresponding correction function for 3 mm thick PMMA filters is found to be:  
F (d63) = 0.9665  d63 1.6214       (5)
Fig. 8. Correction functions for 5 s laser resistance time for PMMA laser protection filters and the currently used correction function in norm EN 207. 
With our empirical model it is possible to calculate an approximated correction function for a specific filter material by 
performing a laser resistance test at a laser beam diameter of 1 mm and additionally at a beam diameter different from 1 mm. The
exponent n of the corresponding correction function in eq. 4 can be calculated by 
63
63
log
)(log
d
dF
n             (6) 
where ‘F(d63)’ is the correction function as calculated in eq. 3. The dimensionless coefficient a in eq. 4 can be set to 1 without 
effecting a significant inaccuracy. A better approximation can be achieved when the beam diameters used for the calculation of 
the exponent n differ widely. The correction function for 6 mm thick PMMA filters in Fig. 8. was determined by two 
experimentally achieved laser resistance time values for 1 mm and 5 mm laser beam diameters. In this case the different filter 
probe dimension with 6 mm thickness is inherently included in the newly determined correction function. 
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5. Conclusion  
The data obtained from the described experiments have led to the result that the laser resistance time dependence on the laser 
beam diameter is more complex as is momentarily accounted for in the current version of the norm EN 207. Apparently, the filter
thickness and the change in time basis from 10 s to 5 s have strong influence on the form of the correction function as the results
of this study show. The found function is only valid in a power region where a thermal destruction of the filter material is 
possible. For low power irradiation (e.g. smaller than 1 kW/m2) of the filter material the calculated laser resistance time will be 
incorrect in the sense that it will be considerable shorter than in practice (which of course is on the safe side for laser safety risk 
assessment). For larger laser beam diameters the filter size becomes more and more important and is not yet considered in the 
corrective function. 
It can be assumed from the results of this study that for pulsed laser operation and other wavelengths the correction function 
will also be different from that currently used in the norm EN 207. It is shown by this study that for a cw laser at 1064 nm 
wavelength a simple empirical model for laser protection filter performance under certain laser power conditions (laser beam 
intensity is sufficient to melt the filter) can be of help to determine the correct scale number LBx of a laser protection filter. In 
practical laboratory situations or during maintenance work, where different laser beam diameters (different from 1 mm) might be
accessible, this could be of upmost importance for save laser operation. 
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